www.frontiersinecology.org © The Ecological Society of America record (Hassan et al. 2005) . Use of fertilizers and manure to improve agricultural productivity has increased N and P fluxes in aquatic ecosystems, leading to low productivity, hypoxic zones in many estuaries, higher costs of processing lake water for use (Carpenter 1998) , and declines in fish and shrimp catches (Diaz and Solow 1999) . As human population continues to increase and per capita demand for ecosystem services expands, societies will be compelled to find ways to provide additional ecosystem services to meet the demand. For example, it is estimated that food production will need to double by 2030 to feed the projected global human population of nine billion (Tilman 1999) . Expected demand for timber will also continue to grow, albeit at a slower rate than in the past (Hassan et al. 2005) . Water scarcity is already a problem for between one and two billion people, and the number of people facing water scarcity may double in the next 30 years (Vorosmarty et al. 2006) . Per capita demand for fish (and per capita fish consumption) is also escalating, especially in Asia and the Americas (Wood et al. 2005) .
How will we meet increasing demand without ecologically, economically, or socially bankrupting production systems? Growing demand for provisioning ecosystem services has generally been met through intensification or extensification, causing declines in other ecosystem services. In the coming decades, how we meet increased demand for provisioning ecosystem services will determine the conditions of the future (Sarukhán 2006) . In this paper, we provide a synthetic view of the latest research on production systems, emphasizing the challenges and opportunities for ecology in the context of globalization. We identify the research needed to improve our understanding and management of production systems, focusing on enhancing capacity to provide multiple ecosystem services while maintaining resilient social and ecological systems that can continue to provide these services into the future. Our overview is based on the literature, but draws heavily on talks given at the Ecological Society of America meeting in Merida as well.
Threats to ecosystem services
In this paper, we focus on timber forests, agricultural systems, and fisheries. Production systems, like all ecosystems, also provide other services, including water purification and climate regulation, and cultural services such as inspiration, sense of place, and recreation opportunities. Key features of production ecosystems include: production capacity (the ability to produce provisioning ecosystem services in the near term), management regime (the way the ecosystem is manipulated in order to obtain the desired ecosystem services), resilience (the ability to cope with disturbance and to continue producing services in a reliable way into the future), and context (links to local, regional, and global ecosystems through trade, invasive species, or climate change; Figure 2 ).
These features of production systems interact in complex ways. Production capacity is determined in part by the management regime, the system's resilience, and its context. The management regime responds to demand, primarily for extraction of provisioning ecosystem services, but also for other ecosystem services such as recreation opportunities. In addition to affecting production of the primary ecosystem service, management regimes can also have unintentional effects, called environmental externalities. Environmental externalities have negative consequences for the resilience and future production capacity of the system, as well as for other ecosystem services. Demand for ecosystem services, production capacity, resilience, and management regime all respond to a multi-scale social and ecological context.
Factors that drive extraction in production systems
Changes in demand -including increased demand and demand for new or different products -play a major role in driving extraction from, and management of, production systems. Changes in demand result from a multitude of factors, including globalization and access to new products, population growth, and increasing wealth and per capita demand. Growing demand is escalating the pressure on production systems. For example, as per capita income increases in developing countries, demand for meat is expected to double by 2030 (Grau and Aide 2006) . Demand can also be driven by changes in preferences due to access to global markets; for instance, quinoa, a pseudocereal grain traditionally grown and eaten in Peru, is now available and fashionable in most developed countries Figure 3 ). Loss of local culture due to globalization may change local demand, for instance, reducing demand for a previously prized local product (Gómez-Pompa et al. 1993) . Martinez-Balleste (2006) showed that families with fewer ties to local culture in Mexico's Yucatan peninsula exerted less demand for palm (Sabal yapa) than traditional families. Preferences can change in ways that favor environmentally friendly products as well; recent decades have seen a dramatic increase in sales of shade-grown coffee, which may be more environmentally friendly than traditional coffee crops (Manson 2006) .
Increased demand for provisioning ecosystem services is intensifying pressure on production systems. At the same time, growing environmental concerns mean that the management of production systems no longer focuses solely on meeting demands for provisioning ecosystem services, to the exclusion of other issues. Instead, these systems are increasingly called upon to meet demands for recreation opportunities, erosion control, and habitat for multiple species. These services are often in conflict: producing more food requires increasing the intensity of land use in a way that is likely to reduce biodiversity, water quality, and erosion control. Balancing these conflicting demands is a major challenge for contemporary production systems.
Production capacity and management regimes
Production systems are manipulated in various ways to modify the amount and type of provisioning ecosystem services that can be obtained. These include clearing land, use of technologies, and providing ecological subsidies in the form of water or fertilizers. Production systems can also be manipulated to furnish other goods and services, such as ecologically certified timber, biodiversity, and erosion control.
Efforts to meet these demands have focused on expansion of the area used for production systems or intensification of production on land already used for these purposes (Hassan et al. 2005) . Intensification generally involves subsidizing production ecologically (with inputs such as fertilizers, pesticides, or water, that are not found in situ) or technologically (including use of genetically modified organisms) to obtain the maximum yield of a single provisioning ecosystem service. Results of such inputs can be impressive. Average corn yields are low in Mexico (1.8 tons ha -1 ) relative to those obtained in the US corn belt (9 tons ha -1 ), mostly due to the use of very different technologies, although differences in climate, soil, and landrace characteristics account for some of the discrepancy (Nadal 2006) . Extensification -the expansion of productive activities to previously unmanaged or less intensively managed areascan also increase production. For example, technological development has increased the capacity of modern fishing vessels to stay at sea for extended periods and to stock larger catches. As a result, practically all corners of the world's oceans are now accessible to fishing (Wood et al. 2005) .
Intensification and extensification of production systems to meet demand are not without costs. Singular focus on improving provision of one ecosystem service has generally resulted in declines in other services (MA 2005) . Understanding the trade-offs among provisioning and regulating or cultural services, and learning how to manage provisioning systems to provide multiple services into the future, are important hurdles to be overcome for production systems.
Environmental externalities and resilience
While humanity's efforts to increase the productivity of systems have had intended effects, recent research has indicated that feedbacks in production systems can also lead to detrimental and often unexpected impacts on other ecosystem services (Cumming et al. 2005; Robertson and Swinton 2005) . Research on the future of production systems must consider these feedbacks between ecosystem services and ecosystem structure and function.
Environmental externalities occur at all spatial scales and have consequences at a variety of spatial and temporal scales (Table 1) . Global demand for provisioning services, such as food and timber, drive land-use and management changes at the expense of other ecosystem services such as freshwater, air quality regulation, erosion control, and recreation opportunities (MA 2005) . Intensive produc- Figure 2 . Conceptual framework of production systems, which are defined by their ability to produce provisioning ecosystem services, but which also produce regulating, cultural, and supporting ecosystem services. Ability to produce all of these types of ecosystem services is determined by the management context (local, regional, and global setting which influences the production system) and the management regime, which affects the resilience and production capacity of the system. (Rengasamy 2006) . Environmental externalities can compromise the provision of ecosystem services, including the targeted service itself. Intensifying management of agricultural systems often leads to declines in pest regulation, water quality, erosion control, or recreation opportunities. This increases vulnerability to stresses such as climate change or pests, and can lead to dependency on elevated inputs to manage these problems. Even if hunger is reduced within a population, management strategies to intensify food production may ultimately fail, should the benefits from increased food availability be outweighed by declines in other ecosystem services. Understanding the relationship between ecosystem management, environmental externalities, and ecosystem services is a key challenge for ecosystem science, which is currently limited by the absence of models that can anticipate regime shifts caused by feedbacks in the interactions among ecosystem services.
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Globalization and other changes in context
The difficulties in managing production systems are complicated by the changing contexts in which they operate. These systems interact with neighboring ones by exchanging, for example, water, energy, or nutrients. Globalization has fundamentally changed such interactions, facilitating exchanges between distant and sometimes disconnecting systems.
Globalization affects both demand for and supply of ecosystem services by allowing access to new products and new locations in which to produce them. For example, cultivated soybean area in the Brazilian cerrado has doubled over the past decade, to 21 million ha, and is expected to expand by another 40 million ha in the coming decades, mainly in response to growing demand from China (Grau and Aide 2006; Stickler 2006) . Globalization can also make industrial operations more uniform, facilitating rapid technological transfer throughout the world. Steady growth in the meat trade, for example, is the result of accelerated transfer of innovations in feeding and breeding, as well as advances in transportation and specialization in production and processing operators (Naylor et al. 2005; Fredrickson et al. 2006) . Surprisingly, while globalization connects distant systems, it can also disconnect local systems that were once tightly linked. Agricultural practices are becoming increasingly decoupled from their local, supporting natural resource base due to access to resources from distant places (Naylor et al. 2005) . Improvements in transportation have allowed feed crops and industrial livestock systems to be geographically separated from one another and from the consumer base. As a consequence, environmental and resource costs are often not accounted for in meat production processes (Naylor et al. 2005) .
Globalization is also closely linked to economic subsidies that affect management regimes and demand for provisioning services. Economic subsidies are often aimed at stabilizing markets, supplying the product at a reasonable price, increasing productivity, or ensuring a fair standard of living for producers. These subsidies can cause major changes in the management regimes of production systems. Agriculture in the European Union, the US, Japan, and members of the Organisation for Economic Co-operation and Development countries is heavily subsidized, contributing to higher productivity and lower food prices in the world market (Hassan et al. 2005) . Nevertheless, these subsidies have unintended negative consequences for producers in other countries (eg corn farmers in Mexico, who now have to compete with low-cost US corn; Fitting 2006) .
Intensified global connections can also increase the environmental externalities of production systems; for example, increased trade fostered by globalization has amplified transport of invasive species. One study estimated that 40% of all insect damage to crops in the US is attributable to non-indigenous species that are introduced by trade activities (Pimentel et al. 1997) . Invasive species are associated with crop losses, rangeland value decline, water resource depletion, livestock disease, genetic contamination, and management and eradication costs (Perrault et al. 2003) .
Overview of the challenges
Demands on industrial production systems to provide more of a single service with greater efficiency have often been met through specialization, simplification, control,
Figure 3. Increased global demand for quinoa has driven the expansion of its cultivation to fragile ecosystems (Liberman 2006).
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and technological advances, based on the assumption that production systems will function in straightforward, manageable ways without feedbacks among components (Kirschenmann 2006) . Thus far, efforts to increase the supply of provisioning ecosystem services have led to impressive increases in the supply of these particular services, but this has been paralleled by declines in many other critically important ones (MA 2005) . Modern production system practices may be trading short-term increases in production for long-term losses in ecosystem services by reducing resilience (Robertson and Swinton 2005) . Thus, the key to enhancing production systems sustainably is to understand how ecosystems provide services, what structural or management factors influence the mix of the types and amounts of services provided, and which factors determine the resilience of these services.
Opportunities
What is the ecological, economic, and cultural future of a world dominated by production systems? These systems already occupy more land than any other single land-use type and land use for production is expected to expand in the future (Asner et al. 2004) . How can these ecosystems be managed to meet changing demands for ecosystem services without sacrificing future supply? These questions drive a new research agenda for understanding and managing production systems. In the previous section we suggested that production systems research should explore mechanisms for ensuring resilient provision of multiple ecosystem services in a changing context. Answers to the following questions, in particular, will be key in improving our understanding of the ecology of production systems.
How do ecosystems provide bundles of services and what are the interactions among such services, including trade-offs and synergies?
At a very basic level, understanding and quantifying the connections among ecosystem structure, ecosystem function, and the provision of multiple ecosystem services is critical to maintaining resilient production systems (MA 2005; Palmer et al. 2005) . Much ecological research in this area has focused on evaluating management regimes designed to produce similar products with fewer environmental externalities. Examples include the development of more drought-resistant crop varieties to decrease the large water demands of agriculture (Pimentel 1997 ) and the extraction of non-timber forest products to slow the rate of deforestation, while still offering an economic alternative to local people (Belcher et al. 2005) . Some of these alternative management regimes are designed to encourage and support non-provisioning ecosystem services (eg compensating land users for non-provisioning ecosystem services such as carbon storage or erosion control; Pagiola et al. 2002) . (Robertson et al. 2000) G/R Decreased water availability for ecosystem processes Crop irrigation (Gordon et al. 2005; and changes Unfortunately, because this research has typically quantified, at most, two ecosystem services at a time, we lack a solid understanding of how management regimes affect bundles of dozens of services. By developing a deeper understanding of how these services interact spatially and temporally, we may be able to better manage for truly multifunctional production systems, where dozens of ecosystem services are intentionally produced (ie multiple types of food, biodiversity, and recreational opportunities and good water quality; Kirschenmann 2006; Figure 4) .
New management approaches, such as payment for ecosystem services (Morse 2006) , shade coffee plantations designed to improve sustainability (Manson 2006) , and extraction of multiple non-timber forest products from diverse systems, represent opportunities for ecological researchers to study how ecosystem structure affects the bundles of services provided, and how management affects the trade-offs and synergies among bundles. Understanding the relationship between management regime, production capacity, resilience, and provision of multiple other ecosystem services will depend on our ability to understand the interactions among ecosystem services, including trade-offs and synergies ( Figure 5 ). This will require a broad, synthetic understanding that is applicable in many regions and for many different services (Rodriguez et al. 2006) .
What roles do thresholds, feedbacks, irreversibility, and resilience play?
Ecological studies of land-use legacies, the lingering effects of past land use, clearly indicate that today's management regimes will impact ecosystems for decades, if not centuries (Foster et al. 2003) . Research on this topic has focused primarily on past management and its effect on current or future ecosystem structure, but has rarely touched on the provision of ecosystem services. Expanding this research will allow ecologists to address the issues involved in ensuring that production systems are capable of providing multiple services into the future.
While some of the externalities of alternative management regimes are well known, much less is known about systemlevel responses to changes in management regimes. Ecosystem responses to such changes are rarely linear; instead, feedbacks among services appear to create thresholds and rapid shifts in ecosystem function. The long-term resilience of ecosystem services may be driven by factors that change slowly, and which are closely related to regulating ecosystem services such as flood regulation and erosion control. Determining whether there are thresholds beyond which an alternative system prevails, the sensitivity of the system to changes in management, and the reversibility of such changes should also be a focus for ecological research (Folke et al. 2004; Kirschenmann 2006) . When thresholds are recognized, understanding how production systems will respond to these changes and how this response is modified by the management regime is also important (Folke et al. 2004) . Little is known about measuring system resilience, but factors that must be carefully assessed are the slowly changing variables that may drive beyond-threshold behavior. For example, in the tropical dry forests of the Yucatán Peninsula, shifting cultivation is contributing to a gradual and irreversible reduction in P availability (Diekmann and Lawrence 2006) . Long-term monitoring is needed to understand such changes.
Characteristics of the research
Global connections are changing the context in which production systems operate -economically, culturally, and ecologically. New research should focus on production systems as multi-scale, social-ecological systems, identifying new management techniques and evaluating the success of those techniques. Such research will need to be transdisciplinary, participatory, and multi-scale (Kinzig 2001) . Importantly, it must take into account those who are expected to be users of the results as early in the process as possible, and especially during the development of research questions.
This research should be closely aligned and integrated with management efforts. Actively adaptive, proactive management based on the results of research on management of production systems and carried out in close collaboration with land managers could lead to substantial improvements in our ability to govern these systems for sustainable provision of services (Ayarza and Reynolds 2006; García-Barrios 2006) . International collaborations among scientists and stakeholders can foster perspective and expertise exchange (Palmer et al. 2005; Sarukhán 2006 ). For some types of projects, production system researchers might also consider working with industry, which controls much of the world's resources and depends on many of the world's ecosystem services (Lash 2006) .
Conclusions
While the production of some provisioning ecosystem services is increasing, two-thirds of the ecosystem services studied by the Millennium Ecosystem Assessment show a declining trend (Hassan et al. 2005 ). It appears that our success in increasing the production of agricultural provisioning services is linked to our failure to adequately protect other ecosystem services. Production systems now face a key challenge -producing multiple ecosystem services resiliently in an increasingly globalized world. To improve our understanding and management of production systems, we need to understand how ecosystems produce ecosystem services, how these services interact, and the role of feedbacks and thresholds in the resilience of production systems. Ecologists have a key role to play in improving our understanding of these vital systems so that they can meet the demands for long-term, resilient provision of multiple ecosystem services. . Three types of ecosystems (a typical western agricultural production system, a typical western forest preservation system, and a multifunctional production system) and some of the ecosystem services they might provide. Adapted from Foley et al. (2005) . 
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